Introduction
Despite the remarkable work done by physicians to treat coronary artery disease (CAD), heart disease is still the leading cause of death in the US. 1 A Western diet containing large amounts of sugar, salt, cholesterol, and fat can lead to diabetes mellitus, high blood pressure, hyperlipidemia, obesity, and CAD. Major CAD risk factors, such as tobacco use, hypercholesterolemia, hypertension, and diabetes, have all been found to cause vascular endothelial cell (VEC) injury and dysfunction. 2 VEC injury and dysfunction lead to atherogenesis, atherosclerosis, and atherothrombotic CAD. Recent literature suggests that lifestyle management that includes a diet of mostly plants may help prevent and reverse CAD. 3 Plant-based nutrition is the predominant consumption of plant-based, whole foods to obtain macronutrients (carbohydrates, protein, and fats), micronutrients (vitamins and minerals), and bioactive components (eg, flavonoids, plant sterols, polyphenols) that optimize body function. It is a conscious and mindful decision to maximize the health benefits per calorie while minimizing potential harmful exposures. A plant-based diet is by definition low in fat, cholesterol, salt, animal products, and sugar. As a result, a plant-based diet is associated with a lower incidence of CAD and thus lower costs associated with the treatment of CAD. Therefore, changing from a Western diet to a plant-based diet may be a simple, low-cost intervention that prevents atherothrombotic CAD.
The primary aim of the plant-based diet is to maximize the consumption of nutrient-dense plant foods while minimizing processed foods, added sugars, oils, and animal-based foods. 3 A plant-based diet encourages lots of vegetables and fruits and is low in fat. 4 Broadly defined, a plant-based diet has significant health benefits, and studies have shown that a plant-based diet can be an effective treatment for obesity, [5] [6] [7] [8] [9] diabetes, [10] [11] [12] [13] [14] hypertension, 15 hyperlipidemia, 16 and heart disease. 17, 18 The Lifestyle Heart Trial found that 82% of patients diagnosed with heart disease who followed this plant-based diet program had some level of regression of atherosclerosis and 91% had a reduction in the frequency of angina episodes, whereas 53% of the control group, fed the American Heart Association diet, had progression of atherosclerosis. 17 In addition, the study showed a reduction in low-density lipoprotein (LDL) (37.2%) that is similar to results achieved with lipidlowering medications. Similarly, other researchers showed that compared with a control group, the plant-based diet group had a 73% decrease in coronary events and a 70% decrease in all-cause mortality. 15 In 1998, a collaborative analysis using original data from 5 prospective studies was reviewed and showed that, compared with nonvegetarians, vegetarians had a 24% reduction in ischemic heart disease death rates. 19 Atherothrombotic CAD is a largely preventable condition that is characterized by the formation of atherosclerotic plaques. Atherosclerotic lesions are the result of an excessive, 
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A Plant-Based Diet, Atherogenesis, and Coronary Artery Disease Prevention inflammatory-fibro-proliferative response to various forms of insult to VEC lining the coronary arteries. 2 VECs are active and dynamic cells involved in maintaining homeostasis in both disease and health. 20 The main function of VECs is to modulate nitric oxide production, leukocyte and platelet adhesion, and leukocyte (macrophage) transmigration. The three main stages of atherogenesis that lead to atherosclerosis are outlined in Table 1 and shown in Figure 1 and include VEC injury, LDL oxidation, and macrophage activation. VECs become dysfunctional after they are injured, resulting in an inflammatory response. Dysfunctional VECs lose the ability to produce nitric oxide and to prevent adhesion of platelets, LDL, and monocytes to the VEC. As a result, LDL and monocytes adhere and migrate into the subendothelial space. In the subendothelial space, LDL becomes oxidized and promotes monocyte transformation to macrophages. In addition, more macrophages are recruited to the area of abnormal endothelium by the expression of cell adhesion molecules and cytokines and are activated by oxidized LDL (OxLDL). 21 Macrophages absorb the OxLDL, leading to further activation and enlargement and creating foam cells and fibrous plaques. [22] [23] [24] Activated macrophages secrete effector molecules that kill cells, degrade the extracellular matrix, and increase vascular smooth muscle cell apoptosis, promoting plaque formation and destabilization. Over time and with repeated VEC injury, arteries narrow and become diseased with the penultimate rupture of unstable plaques in coronary arteries, leading to complete occlusion of the artery, ischemia, and death.
Coronary Artery Disease Prevention Vascular Endothelial Cell Injury
VECs play a key role in the regulation of vascular homeostasis, and increasing evidence suggests that alterations in endothelial function contribute to the pathogenesis and clinical expression of CAD. 25 Causes of initial VEC injury include elevated LDL levels, 2 elevated blood sugar levels, 26 diabetes, 27 and high blood pressure. 28 Recent studies show that lifestyle management with diet may prevent diabetes, 29 lower blood pressure levels, 30 lower LDL levels, 31 and prevent CAD events and death. 32 Therefore, changing to a plant-based diet may decrease CAD mortality by interrupting or reversing the process of atherogenesis. 17, 18 A plant-based diet decreases the risks associated with atherothrombotic CAD and may downregulate the atherogenesis inflammatory initiation process by decreasing the intake of substances found in processed foods, added sugars, oils, and meats that promote atherogenesis with a reciprocal increased intake of bioactive substances found in plants that protect the endothelium and inhibit atherogenesis.
Low-Density Lipoprotein Oxidation
Epidemiologic data have shown that people with a high consumption of fruit and vegetables are at a lower risk of death compared with those with a low consumption. 33 Data from the Nurses' Health Study demonstrated an inverse relationship between fruit and vegetable intake and CAD, and each additional serving of leafy green vegetables per day resulted in an 11% decreased risk for CAD. 34 Other epidemiologic A new look at the steps of atherogenesis paradigm takes into account new information on plant-based diets. A plant-based diet could be considered a medicine that prevents and treats atherogenesis by multiple pathways. A diet low in fat, low in cholesterol, low in salt, and low in red meat may decrease vascular endothelial cell (VEC) injury. Polyphenols may decrease oxidation of low-density lipoprotein (LDL) and prevent oxidized LDL (OxLDL)-induced monocyte adhesion to VEC, monocyte transformation into macrophages, and foam cell formation. Reducing red meat intake may decrease trimethylamine-N-oxide (TMAO) formation. Decreasing TMAO formation inhibits atherogenesis by down-regulating macrophage uptake of OxLDL. Because there is no direct way to measure atherogenesis, it may be necessary to continue to monitor LDL cholesterol and OxLDL levels, hypertension, and blood sugar levels. In the future, it may be possible to monitor substances such as polyphenols and TMAO that may help to identify patients at risk for atherogenesis before they actually progress to atherosclerosis, plaque rupture, and myocardial infarction.
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A Plant-Based Diet, Atherogenesis, and Coronary Artery Disease Prevention studies suggest that higher polyphenol intake from a plantbased diet is associated with decreased risk for CAD. [35] [36] [37] Studies have also shown that decreased intake of flavonoids may be associated with an increased risk of myocardial infarction. 38 A systemic review by Mente et al 39 in 2009 suggested there is strong evidence that a plant-based diet may protect against CAD whereas a Western diet may promote CAD. One mechanism by which a plant-based diet may promote health is via the positive effects of polyphenols.
A review by Vita 25 suggests that the reduced risk of CAD events may be related to the beneficial effect polyphenols have on endothelial cell function. On the basis of cell culture studies, polyphenols may positively affect critical steps in atherogenesis, including LDL oxidation, nitric oxide release, inflammation, oxidative stress, cell adhesion, foam cell formation, smooth muscle cell proliferation, and platelet aggregation. 40 Evidence suggests that individuals with the highest polyphenols intake have modestly reduced risks for CAD. 36, [41] [42] [43] [44] [45] [46] There is increasing evidence that flavonoids may have beneficial effects on VEC control of thrombosis, inflammation, and vascular tone. 25 Polyphenols may also have beneficial effects limiting platelet adhesion and aggregation that can precipitate acute coronary syndromes after plaque rupture. Diet may also influence the effects of risk factors on VEC function. Prospective studies have shown that endothelial dysfunction is associated with an increased risk of CAD events. [47] [48] [49] Many interventions known to reduce CAD risk have the ability to reverse endothelial dysfunction. 50 These findings suggest that endothelial function may have utility as a surrogate marker of CAD risk. Furthermore, endothelial function has evolved into a clinically useful end point for studies of potential interventions for the prevention or treatment of CAD.
Nitric oxide released from VEC via the endothelial nitric oxide synthase is a vasoprotective molecule. 51 In addition to promoting vasodilatation, VEC nitric oxide has antiatherosclerotic properties that include inhibition of platelet aggregation, of leukocyte adhesion, and of smooth muscle cell proliferation. 51 Therefore, VEC nitric oxide production via endothelial nitric oxide synthase is a significant target to prevent and to treat CAD. Leikert et al 52 showed that an alcohol-free red wine polyphenol extract strongly increases nitric oxide release, endothelial nitric oxide synthase, and endothelial nitric oxide synthase expression after long-term incubation of human endothelial cells.
To explore this possibility, researchers investigated the effects of tea consumption on endothelial function. Tea contains an assortment of water-soluble antioxidant flavonoids that 
A Plant-Based Diet, Atherogenesis, and Coronary Artery Disease Prevention have been shown to have a beneficial effect on endothelial function and possibly nitric oxide production. 53 Other flavonoid-containing beverages, such as grape products, have been shown to improve endothelial function and LDL oxidation in adults with angiographically proven CAD. 54 Zamora-Ros and colleagues 55 evaluated the relationship between total urinary polyphenols and all-cause mortality during a 12-year period among older adult participants. The study population included 807 men and women aged 65 years and older from Tuscany, Italy. During the 12-year follow-up, 274 participants died. At enrollment, total urinary polyphenols excretion tended to be greater in participants who survived than in those who died. In the multivariable Cox model, participants in the highest tertile of total urinary polyphenols at enrollment had a mortality rate lower than those in the lowest tertile. The authors concluded that total urinary polyphenols is an independent risk factor for mortality among community-dwelling older adults and that a high dietary intake of polyphenols may be associated with longevity. Studies have shown that polyphenols may have an effect on LDL oxidation. In one study, dietary polyphenols reduced plasma LDL oxidation by 20%. 56 In another study, resveratrol and alcohol-free wine polyphenols protected LDL from oxidation. 57 These data suggest that polyphenols found in fresh fruits and vegetables may help prevent atherogenic lesions by down-regulating oxidation of LDL.
Macrophage Activation
Consuming large amounts of red meat is a risk factor for heart disease. Researchers prospectively followed 84,136 women aged 30 to 55 years in the Nurses' Health Study during a 26-year period. 58 The authors reported that higher intakes of red meat were significantly associated with elevated risk of heart disease. A subsequent study reached a similar conclusion in a cohort of male physicians. Men in the highest quintile for red meat consumption had a 24% increase in risk of heart failure compared with men in the lowest quintile of consumption. 59 This strong association between heart disease and consumption of red meat is further supported by recent studies. Studies in animals and humans showed a mechanistic link between intestinal microbial metabolism of nutrients in red meat (choline and L-carnitine) and CAD through the production of a pro-atherosclerotic metabolite called trimethylamine-N-oxide (TMAO). 60 Another article published in Nature Medicine 62 reported that omnivorous human subjects were found to produce more TMAO than did individuals who consumed primarily a plant-based diet (vegans or vegetarians). A recent study in the New England Journal of Medicine 63 reported that TMAO levels are predictors of CAD. The researchers followed 4007 patients, primarily men, undergoing elective angiography for evaluation of possible coronary disease; none had experienced acute coronary syndromes for 3 years. Elevated TMAO levels were associated with an increased risk of major cardiovascular events (hazard ratio for highest vs lowest TMAO quartile, 2.54; 95% confidence interval, 1.96 to 3.28; p < 0.001). Wang et al 61 reported that TMAO produced from red meat nutrients may play a role in promoting atherosclerosis by possibly activating macrophages and foam cells.
To further study the effect that diet may have on risk factors for atherosclerosis and macrophage activation, Ellsworth et al 31 looked at CAD risk factor reduction and peripheral blood gene expression in patients who participated in a year-long lifestyle management program compared with a control group that did not participate. The one-year lifestyle management program included a plant-based diet, 180 minutes per week of moderate aerobic exercise, and a stress-management program. Among participants in the lifestyle-change program, at one year, the prevalence of hypertension decreased from 41% to 17%, obesity rates decreased from 60% to 37%, and the rate of dyslipidemia decreased from 54% to 37%. The researchers also found that lifestyle modification effectively reduced expression of pro-inflammatory genes associated with neutrophil (macrophage) activation and the pathogenesis of atherosclerosis ( Figure 2 ). Gene expression was not modified by medications in the matched control group.
Discussion
Plant-based nutrition can prevent diabetes, high blood pressure, and CAD events. 3 The benefits of a predominantly plant-based nutritional regimen deserve further consideration on the basis of the information presented in this article. Compared with people who frequently consume red meat, people who eat less red meat and consume more vegetables have lower body mass index, lower systolic blood pressure, lower serum levels of LDL, and thinner blood vessel intimal medial wall thickness. 63 Finally, consumption of a heavily plant-based diet has been shown to result in less oxidative stress and less microinflammation compared with omnivores' meat-centric diet. 64 Reducing risk factors for atherosclerosis with a plant-based diet may help us to understand the potential a plant-based diet has on down-regulating the process of atherogenesis and atherothrombotic CAD. Therefore, food may be medicine and the power of lifestyle management in disease prevention should not be ignored. Compared with drug therapy, angiography/stent placement, and bypass surgery, a plant-based diet may be a low-cost intervention that can prevent and reverse atherosclerotic CAD. 18 Ninety-three percent of Americans are omnivores 65 and are unlikely to give up meat. Historically, humans have consumed meat in varying amounts based upon environmental accessibility to plant-based foods and general food scarcity. Industrialization has allowed meat to become a central part of our food culture and our plates, and it is highly regarded as the best source of protein. The data presented in this article suggest that once we develop a plant-based diet microbiota, our bacteria will not convert phosphatidylcholine or L-carnitine to TMAO with the occasional consumption of meat. In addition, the data presented in this article suggest that polyphenols from fresh fruits and vegetables increased survival and that elevated TMAO levels from red meat were associated with decreased survival. In light of this new information, we may consider measuring the ratio of polyphenols to TMAO as an indicator of atherogenesis risk. Reducing
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Finally, as more data become available in the literature, we may want to consider how healthy eating can systemically prevent atherosclerosis. In this article, we present a proposed mechanism for how a plant-based diet may prevent atherosclerosis and CAD events (Figure 1 ). This includes 1) prevention of VEC injury by eating foods low in sugar, salt, and fat; 2) prevention of LDL oxidation by increased intake of fresh fruits and vegetables containing antioxidants, such as polyphenols; and 3) prevention of macrophage activation by decreasing intake of red meat, by exercise, and by stress reduction.
Conclusion
VEC injury may occur in individuals who do not have clinically active CAD but who have risk factors for CAD, such as smoking, hypercholesterolemia, diabetes, and hypertension. 41 Because abnormal endothelial function is an early marker of CAD, the endothelium appears to be an ideal target for preventive therapy. Because we do not have specific markers for endothelial cell dysfunction, evidence presented in this article suggests that levels of urinary polyphenols (as a marker of fruit and vegetable consumption), blood TMAO levels (as a marker for red meat consumption), and proinflammatory gene expression of genes involved in atherogenesis may indicate the VEC milieu that promotes VEC health versus VEC injury. Elevating levels of blood polyphenols and lowering blood TMAO levels by eating a plant-based diet may promote health of VECs and prevent atherosclerotic CADs by at least three different proposed mechanisms. More research in this area is needed so in the future we may have objective measures of healthy eating that will promote VEC wellness years before the development of atherosclerosis and CAD. v
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